As a part of the international DECOVALEX III project, and the European BENCHPAR project, the impact of thermal-hydrological-mechanical (THM) couplings on the performance of a bentonite-back-filled nuclear waste repository in near-field crystalline rocks is evaluated in a Bench-Mark Test problem (BMT1) and the results are presented in a series of three companion papers in this issue. This is the third paper with focus on the effects of THM processes at a repository located in a sparsely fractured rock. Several independent coupled THM analyses presented in this paper show that THM couplings have the most significant impact on the mechanical stress evolution, which is important for repository design, construction and post-closure monitoring considerations. The results show that the stress evolution in the bentonite-back-filled excavations and the surrounding rock depends on the post-closure evolution of both fields of temperature and fluid pressure. It is further shown that the time required to full resaturation may play an important role for the mechanical integrity of the repository drifts. In this sense, the presence of hydraulically conducting fractures in the near-field rock might actually improve the mechanical performance of the repository. Hydraulically conducting fractures in the near-field rocks enhances the water supply to the buffers/back-fills, which promotes a more timely process of resaturation and development of swelling pressures in the back-fill, thus provides timely confining stress and support to the rock walls. In one particular case simulated in this study, it was shown that failure in the drift walls could be prevented if the compressive stresses in back-fill were fully developed within 50 years, which is when thermally induced rock strain begins to create high differential (failureprone) stresses in the near-field rocks.
INTRODUCTION
This paper evaluates the impact of thermal-hydrological-mechanical (THM) couplings on the performance of a bentonite-back-filled nuclear waste repository in a sparsely fractured hard rock. The present paper is the third of three companion papers on Bench
Mark Test 1 (BMT1) of the DECOVALEX III and BENCHPAR projects [1] . The overall aims and definition of the BMT1, as well as the model conceptualization and characterization, were presented in the first companion paper [2] . The second companion paper [3] focused on the impact of THM coupling for a repository located in continuous and homogeneous (intact) rock without fractures. This is the third (and final) paper with focus on the impact of THM couplings in near-field of a repository located in sparsely fractured rock (Fig. 1b) . The sparsely fractured rock in this case is envisioned as a fractured rock mass that contains a few connected hydraulically conducting fractures that carry the main part of the water flow. In this case, one vertical fracture is assumed to be located about 5 m from the deposition hole, and this fracture is connected to another horizontal fracture that intersects the deposition hole (Fig. 1b) .
The results and conclusions are based on coupled THM analyses conducted by four research teams: Royal Institute of Technology (KTH), Canadian Nuclear Safety Commission (CNSC), Commissariat a l'Energie Atomique de Cadarache (CEA), and Japan Nuclear Fuel Cycle Development Institute (JNC). Computer codes used by each research team and their sources [4, 5, 6, 7] are listed in Table 1 .
In this paper, we will first introduce briefly the simulation tasks and model
conceptualisations. The THM model conceptualisations and simulation results are then 3 presented, followed by discussions about the impacts of THM couplings and near-field rock fractures on repository performance. The impact of fractures is analysed by a comparison with results in the second accompanying paper on continuous homogeneous (intact) rock [3] .
SIMULATION TASKS
The basic task of BMT1 was to perform a scoping calculation of coupled THM processes around a hypothetical bentonite-back-filled nuclear waste repository in fractured rock.
The repository geometry is based on the radioactive waste disposal concept from the Japanese H12 project [8] . Using this concept, the spent-fuel assemblies will be encapsulated in metal canisters, then placed in vertical deposition holes drilled from horizontal drifts deep in the bedrock. The waste canisters are embedded in a buffer of a highly compacted bentonite-based material, and the drifts are back-filled with a mixture of bentonite, sand, and crushed rock (Fig. 1b) . This is similar to prospective designs and engineering barrier systems for many countries [9] , including the original Swedish KBS-III concept. Most of the material properties for buffer and rock were extracted from a comprehensive data set that was been developed at the Kamaishi Mine, Japan, during DECOVALEX II. Additional rock properties are taken from data sets of the sparsely fractured crystalline in the Canadian Shield.
The overall objective of BMT1 is to investigate the impact of coupled THM processes on the near-field performance of a typical bentonite-back-filled nuclear waste repository. To investigate the influence of each coupling mechanism, the results of a fully coupled THM 4 simulation is compared to partially coupled solutions. Four simulations are therefore conducted. First, a fully coupled THM simulation is conducted, including the most apparent couplings illustrated in Fig. 2 . Thereafter, coupled TH/uncoupled M, coupled HM/uncoupled T, and coupled TM/uncoupled H simulations are conducted. In these simulations, one of the processes M, T or H was uncoupled, meaning that these processes are solved independently of the others. However, all simulations start with the same initial conditions (before excavation for the rock and after emplacement for the bentonite). For example, when running coupled TH/uncoupled M simulations, the hydraulic conductivity of the rock is determined by the initial effective stress and is kept constant throughout the simulation. In the case of coupled HM/uncoupled T simulations, the thermal conductivity of the bentonite is independent of water saturation and is therefore set to the thermal conductivity at the initial saturation, which is 65%. Finally, for coupled TM/uncoupled H simulations, the hydraulic simulation is conducted independently of the T and M responses which implies that the hydraulic conductivity is constant and that a specific storage coefficient has to be estimated.
For guidance concerning the effect of THM on the performance of a repository, a number of performance measures were defined (see [2] ). This includes the evolution of temperature in the buffer and associated maximum temperature, the evolution of moisture in the buffer and associated time to full resaturation, and the evolution of stress in the buffer and rock and associated possibility of rock failure. The evolution of temperature and saturation are important for the assessment of performance of the bentonite buffer. In general, the maximum temperature should not exceed 100°C, since higher temperatures 5 might induce unwanted chemical changes to the bentonite. The resaturation process is expected to take place uniformly to ensure that the bentonite swells uniformly to prevent high and uneven stressing of the waste canister. The stress evolution in both back-fill and rock is important for the structural integrity of the host rock. Any structural changes in the host rock might affect the drift stability or rock mass transport properties. Those changes should be quantified to assess their impact on the performance of the repository as a whole. By performing the coupled THM analysis of the hypothetical repository, and by comparing the results for fully coupled THM analysis with partially coupled TH, HM, and TM analyses, the impact of the various coupling on the performance measures are evaluated.
MODEL CONCEPTUALIZATION
Because of preoic nature of the repository concept design, the simulations were conducted with an one-quarter symmetric model containing one deposition hole (Fig. 3) .
The upper and lower boundaries are placed at vertical distances of 50 m from the drift floor, according to the BMT1 definition [2] . A vertical fracture located between two adjacent drifts (Fig. 1b) is connected to the constant pressure boundaries on the top and bottom of the model. The vertical fracture connects to a horizontal fracture that intersection the deposition hole. The exact dimensions of canister, deposition hole, and drifts are given in the first companion paper [2] .
Most of the material properties for the bentonite-based buffer, back-fill, and rock were extracted or developed during DECOVALEX II for modelling of the Kamaishi Mine heater test [10] . Properties for the bentonite-based buffer material were further calibrated in the first companion paper [2] Table 2 ). The back-fill for the drifts consists of a bentonite-sand-rock mixture with properties extracted from the Japanese H12 report [8] . This back-fill material is generally more permeable (k = 6.0×10 -19 m 2 )
than the buffer material, and the swelling stress is only about 0.2 MPa.
The mechanical and hydro-mechanical properties of the horizontal rock fracture were estimated using the Barton-Bandis' Joint model [11] . In this context, the void aperture, b v , is defined as the accessible volume per unit area of a fracture. The void aperture at a given effective normal stress is
where b vr is a residual void aperture when the fracture is completely compressed from a mechanical point of view, and ∆b v is mechanically induced void aperture for an incompletely compressed fracture during a deformation process.
The mechanically induced void aperture can be related to the current effective normal stress, σ′ n , using Barton-Bandis' hyperbolic normal closure model according to
where k n0 and V m0 are, respectively, the normal stiffness and maximum normal closure at the zero stress intercept [11] . The parameters k n0 and V m0 were estimated using the basic parameter values JRC 0 = 9, JCS 0 = 105 MPa and σ ci = 123 MPa (extracted from the Kamaishi Mine data set). Using formulas presented in Barton and Bakhtar [11] , k n0 = 56
GPa/m and V m0 = 65 µm were derived for the fourth loading cycle. (Fig. 5a ). The temperature is assumed to be 45°C over the entire 100 m high model column, while the pore pressure and stress increase with depth. Because the effective stress increases with depth, the initial permeability decreases with depth depending on the assumed stress-permeability relation. The excavation sequence was simulated in an one-step steady-state calculation with the elements in the drift removed (Fig. 5b) . In this simulation, the pressure and temperature in the drifts were reduced to 0 MPa and 20°C, respectively. The rock around the drift was cooled from the initial temperature of 45°C down to 20°C, and induced significant thermal-mechanical effects.
MODELING SEQUENCES AND BOUNDARY CONDITIONS
After the steady-state excavation simulation was completed, the waste canister, bentonite buffer, and back-fill were installed instantaneously and the post-closure simulation starts ( Fig. 5c and 5d ). The post-closure simulations were conducted for up to 1,000 years, when the ambient temperature and fluid pressure fields were reestablished. shrinkage of the bentonite near the waste canister during the first few years, 6) swelling of the bentonite-based buffer as a result of incipient wetting at the rock-buffer interface and slowly progressing toward the interior of the buffer, 7) restoration of hydrostatic fluid pressure in the near-field rock and buffer with associated changes in the stress field, and 8) thermally induced strain with associated stress and deformations in both the buffer and 10 surrounding rock. These thermally driven coupled processes are significant as long as the temperature in the waste canister is significantly different from the ambient temperature (until about 400 years in this case). After 400 years, the ambient temperature is almost reestablished, the buffer is fully saturated, a hydrostatic fluid pressure gradient from the ground surface has been restored, and the compressive stresses in the buffer are fully developed (Fig. 6b ). years, the heat power is down to a few percent of its initial value and the temperature has declined to about 48 to 50°C, which is a few degrees above ambient temperature. Fig. 7b shows that the time to full resaturation of the buffer varies between 3 to 10 years according to the calculations made by the various teams. The different resaturation times among these models are in line with simulation results obtained for the well-defined axisymmetric problem [2] and for the case of a homogenous (intact) rock [3] . This indicates that the variation of the resaturation times among these models are caused by slightly different input hydraulic properties of the buffer, such as relative permeability and water-retention curves. After the buffer has been fully resaturated with water, the liquid fluid pressure becomes positive (in unsaturated media, the liquid fluid pressure is generally negative), and a fully restored hydrostatic fluid pressure is achieved after a few additional years.
THM SIMULATION RESULTS
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The simulated evolution of compressive stress in the buffer is very similar between CEA and KTH models, whereas CNSC model obtained a substantially higher compressive stress (Fig. 7c) . In the results achieved with CEA and KTH models, the bentonite provides a swelling stress (which is an effective stress) of about 1 MPa. The remaining 10
MPa of the total compressive stress in the buffer is caused by the contribution from the fluid pressure, which increases from 0 to a hydrostatic value of 10 MPa at a depth of 1,000 meters. Thus, the results indicate that the impact of the fluid-pressure restoration is a dominant component contributing about 90% of the total compressive stress in the buffer. Fig. 8 presents the KTH results for the evolution of stress in the rock at point R1 at a critical location for the evaluation of rock failure. A shown in the second companion paper [3] , the highest potential for rock failure occurs on the floor of the drift. Fig. 8a shows that the maximum compressive principal effective stress, σ′ 1 , is 93 MPa at about 40 years. However, Fig. 8b shows that the risk for rock failure is the highest after excavation and at about 100 years, when the minimum compressive principal effective stress, σ′ 3 , is relatively small. It can thus be concluded that the evolution of minimum compressive principal stress is the most important factor in determining the state of failure of the rock walls of the deposition hole and the drift.
IMPACT OF THM COUPLINGS
Comparisons of partially coupled TH, HM, and TM solutions with a fully coupled THM solution are utilised to study the impact of various couplings. Fig. 9a shows that TH couplings have a small impact on the temperature field until the buffer is fully saturated.
This slight impact is caused by thermal conductivity's dependency on liquid saturation.
However, THM couplings have no visible impact on the peak temperature. Fig. 9b shows a slight difference between HM and THM results, indicating that TH coupling has only a slight impact on the resaturation of the buffer. In TH and THM simulations, the resaturation of the bentonite buffer is slightly delayed because of thermally induced drying near the canister surface. The identical results of TH and THM simulations in Fig. 9b shows that HM coupling has no impact on the resaturation process.
This implies that in this case stress-induced changes in fracture permeability do not have significant impact on the resaturation process. Apparently, sufficient water is provided by the conducting fractures regardless of changes in fracture permeability, and the rate of resaturation is controlled by the properties of the back-fill rather than by the properties of the surrounding rock. Fig. 9c shows that HM coupling has a strong impact on the total stress in the buffer. The total stress developed in the buffer material is dominated by fluid pressure, which at 1,000 m depth amounts to 10 MPa for final hydrostatic conditions. The magnitude of TM-induced stresses in the buffer is less than 1 MPa. Fig. 10a shows that the TM coupling has a dominant impact on the evolution of the maximum compressive principal stress at point R1. Apparently, the maximum compressive principal stress is determined by the excavation-induced stress concentration at the drift walls and by the thermally induced stresses, whereas fluid pressure has almost no impact. The evolution of the minimum compressive principal stress is more complex, with some influence from both TM and HM couplings. The evolution of minimum compressive stress from HM simulation shows a steady increase from 15 to about 50 years, when the compressive stress stabilizes at about 5 MPa. As will be explained in details later, this stress increase is a result of resaturation and fluid-pressure restoration in the back-filled drift, which provides a supporting load to the drift walls. Nevertheless, Fig. 10 shows that full THM analysis must be conducted for an appropriate evaluation of the stress evolution in the near field rock.
IMPACT OF NEAR-FIELD FRACTURES
A comparison of simulation results for the case of a deposition hole located in homogenous intact rock (Fig. 1a) with the case of a deposition hole located in sparsely fractured rocks (Fig. 1b) shows that the main effect of the fractures in the near-field rock mass is an accelerated resaturation of the buffer, leading to a much shorter resaturation time in fractured rocks. For the case of a homogeneous, intact, low-permeability rock (k=1×10 -19 m 2 ), the time to full resaturation ranged from 40 to 200 years [3] . By introducing hydraulic conducting fractures, the resaturation time is reduced to 3 to 10 years (Fig. 7b) .
The impact of fractures is illustrated by the simulation results of KTH model as shown in Fig. 11 . For the case of an intact low permeability rock (k = 1e-19 m 2 ), desaturation of the rock surrounding the repository delays the resaturation of the buffer (Fig. 11a) . As seen in Fig. 11b , no such desaturation of the rock when the nearby fractures are included.
Note that desaturation of the rock surrounding the drift is prevented by the influence of both the vertical and horizontal fractures, because they provide nearby sources of hydrostatic water pressure. Thus, even if no fracture intersected the deposition hole, just the presence of connected hydraulic conducting fractures in the near-field rock would be sufficient to prevent desaturation of the rock. Fig. 11b also indicates an increased resaturation adjacent to the intersecting horizontal fracture. This implies that an intersecting fracture impacts the stress evolution and its spatial distribution in the buffer.
However, the overall resaturation of the buffer (and resulting evolution of the swelling pressure) is approximately uniform, with fully developed compressive stress tending to occur first in the buffer of the deposition hole and thereafter in the back-fill of the overlying drift. Fig. 12 compares the evolution of effective principal stresses for the two cases of a deposition hole located in intact and in sparsely fractured rocks according to the KTH simulations. Fig. 12 shows that the possibility of rock failure could be much greater for the case of intact (low-permeability) rock than for the case of sparsely fracture rock. In the case of intact rock, the minimum compressive stress becomes tensile for the time period between 60 and 300 years (Fig. 12, dashed line) . During this time, the possibility for failure in the rock mass is imminent, as demonstrated by the stress path shown in Fig.   12 for the case of intact homogenous rock (dashed line) crosses the Hoek-Brown Failure envelope. From Fig. 12 it can again be concluded that the evolution of minimum compressive principal stress is the most important factor for determining the risk for failure at rock walls of the deposition hole and the drift.
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The higher possibility of rock failure in the case of intact rock can be explained by the delayed evolution of resaturation in the buffer, as shown in Fig. 11 . by KTH). This is close to the values of the minimum compressive principal stress at the point marked "final" in Fig. 12 . However, during the heating phase, the evolution of minimum compressive principal stress also impacts the evolution of thermal stresses, as shown in the sinusoidal cyclic behaviour in Fig. 8a and 10b. As shown in Fig. 10b , this cyclic behaviour occurs for both TM and THM analysis, but in the case of THM analysis, the curve is shifted (about 5 MPa) toward more the compressive stress direction. This shift is caused by the support pressure from the back-fill on the drift wall, as illustrated in Fig. 13 . Because the minimum compressive principal stress tends to go into tension at about 60 years, the fully developed compressive stress at about 50 years effectively prevents failure in this case.
The results shown in Fig. 12 were calculated by the KTH team. The simulation results of the other three teams also show that the potential for failure is a result of complex interaction among coupled THM processes in both the back-fill and rock. Although all teams found a potential for failure, the exact spatial and time evolution varied among the teams. In particular, the CEA and CNSC teams found a potential for failure only at excavation, and not at later times. These differences were caused by the difference in calculated resaturation time, and corresponding difference in calculated evolution of swelling pressure, as well as by a difference in the value for Biot's α assigned to the various models. Most notably, the resaturation time for CEA and CSNC was less than 20
Years even for the intact rock case [3] , and therefore rock failure could be prevented at later times in those simulations. A variation of Biot's α between 0.2 and 1 can also be important, with a much higher likelihood for failure if α is close to 1 rather than 0.2 (see equations in Fig. 13 ).
DISCUSSION
The studies on BMT1 of the DECOVALEX III projects have helped to reveal some outstanding issues related to predicting coupled THM processes in the engineered barrier system and surrounding fractured rock. In particular, the studies presented in these three companion papers have shown that the buffer resaturation and fluid-pressure restoration processes could be important for the stability of the rock walls, both for the deposition holes and the drifts. A timely resaturation would assure a timely development of compressive stress in the buffer and back-fill, which provides a timely support load on the rock walls of deposition holes and drifts. However, several in situ tests (e.g.,
Kamaishi Mine heater test, FEBEX in situ test) indicate that the resaturation of the buffer may be delayed because of the micro-structural behavior of bentonite, which can effectively substantiallydecrease permeability as a result of swelling of microparticles. As shown in this paper, a delay in the resaturation and fluid-pressure restoration in the buffer may jeopardize the mechanical stability of excavation walls after closure of the repository. It should also be noted that in situ tests are usually conducted in drift under drained conditions, where the fluid pressure remains much lower than the re-established hydrostatic pressure that might be present at a future repository located at 500 to 1,000 meters depth.
SUMMARY AND CONCLUSION
This analysis aimed to evaluate the impact of THM couplings on the performance of a repository located in a sparsely fractured rock under the conditions studies in BMT1. The results of this analysis can be summarised as follows:
• Temperature evolution (T process) : No significant effect by H and M coupling (conduction dominates).
• Resaturation of the buffer (H process) : Affected by T coupling but not significantly by M coupling.
• Stress evolution in the buffer (M process): Strongly affected by H coupling and slightly affected by T coupling.
• Stress evolution in rock for stability and design considerations (M process):
Strongly affected by both T and H coupling.
It is clear that temperature can be predicted accurately without consideration of coupling to hydraulic and mechanical processes. It is also clear that mechanical behaviour-that is, evolution of stress in the buffer-rock system-cannot be appropriately predicted without consideration of effects of temperature and fluid pressure evolutions. It is not clear for the BMT1 case, however, at this point whether the hydraulic behaviour (for example, resaturation of the buffer and radioactive nuclide transport) can be significantly impacted by T and M processes. For the parameter set adopted in this analysis, the resaturation process is slightly impacted by the effect of temperature, whereas that process is not significantly impacted by mechanically induced changes in permeability.
The general results concerning the impact of various THM couplings for a deposition hole located in sparsely fractured rock are generally in line with those of a homogenous (intact) low-permeability rock [3] . The main difference is that hydraulic conducting fractures provide an additional water supply that prevents desaturation of the rock and accelerates the resaturation of the buffer and back-fill.
This analysis shows that a rapid resaturation and development of the swelling stress in the buffer could be beneficial to the mechanical stability of the drift walls. If hydraulic conducting fractures are present in the near-field rock, then buffer and back-fill will be readily resaturated, which results in a timely development of compressive stress in the buffer and back-fill. A timely development of compressive stress in the buffer and backfill provides confining stress and support to the drift walls before thermal strain creates high differential (failure prone) stresses. The analysis for this particular case indicated that if the buffer and back-fill are fully saturated, and if fluid pressure is fully restored before 50 years, then rock failure in the drift wall would be prevented. Total stress, σ, in the buffer and back-fill is the sum of the swelling stress, σ sw , (an effective stress), the water pressure, P w , and the thermal stress, σ T , according to: σ = σ sw + P w + σ T Note that P w and σ T may be different in the buffer/back-fill than in the rock σ′ 3 = σ wall -αP w + σ T Figure 13 . Illustration of the effect of compressive stress, σ, in the back-fill on minimum compressive principal effective stress, σ′ 3 , in the floor of the drift.
